Inelastic electron tunneling spectroscopy of Ce 2 @C 80 dimetallofullerenes reveals a low-energy inelastic excitation that is interpreted using ab initio calculations and associated with the movements of encapsulated Ce atoms inside the C 80 cage. The electron-vibration interaction in Ce 2 @C 80 is unusually high, inducing a pronounced zero-bias anomaly in differential conductance of Ce 2 @C 80 . Our observations show that the atoms encapsulated in fullerene cages can actively participate in determining the properties of molecular junctions.
I. INTRODUCTION
Electron-vibration interactions are known to influence the properties of single-molecule electronic junctions 1 like the current-to-voltage characteristics 2 or the current limit. 3 Experimentally, electron-vibration interactions are often studied in model single-molecule junctions realized in scanning tunneling microscope (STM) where one electrode (the STM tip) is connected to the molecule/counter electrode setup via a tunneling gap. In such junctions, the opening of inelastic tunneling channels allows the detection of single-molecule vibrations through inelastic electron tunneling spectroscopy (IETS). 4 Fullerenes represent prototypical molecules for singlemolecule junction studies. For the single C 60 the stability, 3 the conductance, 5, 6 and the electron-vibration fingerprint in different junction geometries 2, 7, 8 have been thoroughly studied. Functionality of empty fullerene cages is expected to become significantly more complex on endohedral doping, when atoms or molecules are enclosed in the carbon cages of fullerenes. 9 A study of Ce 2 @C 80 showed that the doping directly influences the conductance of the corresponding molecular junction. 10 Generally, the atoms and molecules inside the fullerene cages are very well screened from the external physical and chemical influences. 11, 12 As a consequence, no vibration excitations of the encapsulated atoms were found in previous single-molecule electronic junction studies on endofullerenes. 13 Here we present evidence for the electron-vibration excitation of Ce atoms encaged in a C 80 fullerene (Ce 2 @C 80 ). Inelastic electron tunneling spectroscopy together with ab initio calculations indicate that the lowest-energy excitations in the IETS spectrum of Ce 2 @C 80 represent the vibrations of Ce atoms inside the C 80 cage. The endohedral doping of Ce 2 @C 80 also contributes to enhancing the overall cross section of the electron-vibration excitation in the molecular junction. We observe a massive increase of the tunneling conductance by a factor of 2 in the energy range of the excited vibrations, leading to a pronounced zero-bias conductance anomaly and a distinct nonlinearity in the current-to-voltage characteristics of the single-molecule junction. Our experiments show that the atoms inside fullerene cages can significantly influence the characteristics of the corresponding molecular junctions.
II. EXPERIMENTAL
The experiments were performed with a commercial ultrahigh vacuum STM operated at T = 6 K. Ce 2 @C 80 metallofullerenes were isolated from soot by high-performance liquid chromatorgaphy (HPLC) as described in Ref. 14 STM measurements were performed with electrochemically etched W tips treated by interactions with the Cu(111) substrate until delivering tunneling spectra corresponding to clean Cu(111). 10 Measurements of the current-to-voltage (I/V ) characteristic of the tunneling junctions and their first (dI/dV ) and second (d 2 I/dV 2 ) derivatives were performed at a constant tip-sample separation given by the set current I 0 = 0.5 nA and the set sample bias V 0 = 150 mV before switching off the feedback of the STM. dI/dV and d 2 I/dV 2 were measured by two lock-in amplifiers using bias voltage modulation with the frequency of ≈360 Hz and the rms amplitude 6 mV. We realized and analyzed about 80 singlemolecule junctions with Ce 2 @C 80 .
III. IETS OF CE 2 @C 80
The schematic of the adsorption of Ce 2 @C 80 on Cu(111) is shown in Fig. 1(a) . The Ce atoms are enclosed in the I h isomer of the C 80 cage. 14 The adsorption geometry with the sixmembered ring parallel to the surface and the positions of the Ce atoms in the adsorbed molecule have been established by previous calculations. 10, 16 On deposition at room temperature (RT), Ce 2 @C 80 nucleate in small islands on Cu(111) planes. A detail of such island is shown in the STM image in Fig. 1(b) . The adsorption position of Ce 2 @C 80 can be modified by annealing to 250
• C, after which the molecules decorate the step edges of Cu(111) as shown in the STM image in Fig. 1(c) . Regardless of the sample bias applied, Ce 2 @C 80 reveal no intramolecular structure and always appear in the images as featureless protrusions, in contrast to C 60 on Cu(111). 10, 17 A typical IETS of the Ce 2 @C 80 is shown in Figs shows pronounced symmetric peaks and dips characteristic of inelastic electron tunneling. 18 Each peak corresponds to opening of one of several inelastic electron tunneling channels with increasing bias voltage. We attribute the inelastic losses to the excitation of molecular vibrations of Ce 2 @C 80 . The distinct influence of the electronvibration excitation on the I/V curve of the molecular junction indicates an unusually high cross section of this process.
In Fig. 3(g) ]. Especially, the ν 1 represents an excitation characteristic of the Ce 2 @C 80 molecule. This has been confirmed by further reference experiments: the ν 1 is absent in C 60 on Cu(111) and single-doped metallofullerene Ce@C 82 molecules on Cu(111). ν 1 and ν 2 exhibit small, and the other observed vibrations somewhat larger variations of energy and amplitude which we attribute to the availability of different adsorption sites, 10 varying numbers of neighboring Ce 2 @C 80 molecules, and variations caused by a strong localization of the IETS signal over a single fullerene cage. 13 Calculating the normalized change in the differential conductance, defined as σ/σ , where σ = dI/dV , 20 we obtain electron-vibration cross sections 15-20% for ν 1 , 30-40% for ν 2 , and 5-15% for other observed excitations. The values for ν 1 and ν 2 exceed the values commonly observed in the IETS experiments on fullerenes 7, 13 and other molecules 20 that stay below 15%. The unambiguous (cf. Fig. 2 ) and intensive low-energy excitation has not been observed in previous STM-IETS studies on empty fullerenes (C 60 in Refs. 7 and 17) and endohedrally doped fullerenes (Gd@C 82 in Ref. 13 ). We will discuss the nature of this highly intriguing IETS feature based on ab initio calculations of electron-vibration coupling in Ce 2 @C 80 . In the discussion we rule out the possibility that the low-energy excitation is due to molecule-substrate movements (bouncing). Observation of bouncing in fullerenes has been limited to non-STM IETS experimental setups so far (C 60 in Ref. 2) . Rather, we propose that the ν 1 is due to movements of Ce with respect to the C 80 cage. Our proposal is based on the observation that the Ce-cage vibration modes occupy the lowest energies in the Raman spectra of endohedral metalofullerenes. 21, 22 
IV. CALCULATION OF CE VIBRATIONS
In the following, we are discussing the observed vibrations based on the results of ab-initio calculations. We evaluate the cross section for exciting an inelastic electron-vibration tunneling channel as
where E E F is the energy of a molecular orbital inelastically coupling at the Fermi level, and Q i , m * i , and i are the normal coordinate, the reduced mass, and the frequency of the i th molecular vibration, respectively. Equation (1) represents a useful approximation for discussing the IETS of endofullerenes. 13 In order to make the ab initio analysis feasible, we calculated the electron-vibration cross sections of a free Ce 2 @C 80 . We used unrestricted density functional theory (DFT) as implemented in TURBOMOLE 5.10. 23 Details of the calculations are given in a previous work where the ground state and the infrared (IR) vibration spectrum of Ce 2 @C 80 have been determined. 16 The derivative of the highest occupied molecular orbital (HOMO) energy with respect to Q i (dE E F /dQ i ) was calculated numerically, displacing the atoms by 0.05Å in directions given by Q i and evaluating the corresponding change of the HOMO energy. 24 The calculated energies of the vibration modes of Ce 2 @C 80 and the electron-vibration coupling with the HOMO of the molecule are plotted as a bar graph in Fig. 3 . The calculations predict 58 vibration modes in the energy range up to 90 meV. Of these modes, only some are electron-vibration active, but of the active modes several have a significant contribution from Ce movements. We distinguish the vibration modes based on their effective mass m * i : the modes with m * i > 12.5 (compared to 12.011 for pure carbon cage modes) are considered Ce active. In Fig. 3 these modes are shown in red.
V. DISCUSSION
The calculations indicate that the experimentally observed vibration ν 1 can be identified with a theoretically predicted inelastic excitation with an energy of 11 meV. This excitation involves Ce motions inside the C 80 cage (cf. Fig. 3) . We show the schematic of the ν 1 vibration as obtained from the ab initio calculations in Fig. 4(a) . ν 1 is twofold degenerate, has e g symmetry, and involves the motions of Ce atoms perpendicular to the C−Ce−Ce−C axes (parallel to the C 80 cage). The calculated Ce vibration modes at higher energies have a significantly lower electron-vibration activity. The mode at 19 meV has a 1g symmetry and represents CeCe stretching. A mode with the same symmetry has been identified as the lowest-energy mode in La 2 @C 80 . 25 The mode at 35 meV has a 1g symmetry as well and includes Ce−C 165414-3 Calculated cage vibration modes appear at energies 27 meV. However, a significant electron-vibration cross section is calculated only for cage modes at energies 47 meV. The electron-vibration excitations at 62 and 65 meV correspond to the experimental peak ν 2 . The assignment of the smaller experimental vibration peaks between ν 1 and ν 2 , and above ν 2 , to the calculated Ce and/or cage modes is less straightforward. Particularly, strong calculated modes at 47 and 85 meV are marginal in the experimental IETS, which may reflect differences between the free (calculation) and the adsorbed molecule (experiment).
The unusually high cross section for the electron-vibration excitation in Ce 2 @C 80 can be traced back to a coincidence of favorable conditions enhancing the IETS signal that is related to the unique electron structure of Ce 2 @C 80 . In Ref. 10 we have shown that orbitals of the encapsulated Ce atoms localize strongly both in space and in energy and that they separate both in space and energy from the cage orbitals. This situation is illustrated in Fig. 5 where we plot the density of states (DOS) of the adsorbed molecule as measured by STS [ Fig. 5(a) ] and the electron levels of a free molecule from the present calculation [ Fig. 5(b)] . 26 In the calculated data, we mark the electron levels of orbitals with >80% Ce contribution red. We observe that the Ce orbitals form a multiplet at and above the E F , approximately between 0 and 1 eV. The cage orbitals, on the other hand, are observed exclusively outside this energy range. This allows us to identify and fit the Ce resonance in the experimental STS data [red line in the Fig. 5(a)] .
Generally, the position of the molecular resonance participating in the inelastic tunneling with respect to E F is a main factor determining the sign and the size of the inelastic conductivity change. 27, 28 Experiments on C 60 show that the IETS cross section becomes maximized, when the molecular resonance is tailing E F . 8 This is the case for the Ce resonance in our experiment [ Fig. 5(a) ] and the first favorable condition for the high IETS cross section in Ce 2 @C 80 . The strength of the electron-vibration interaction further increases with decreasing molecule-electrode coupling. 1, 29 In recent conductivity measurements on single Ce 2 @C 80 , we have demonstrated that for the localized Ce orbitals the molecule-electrode coupling is significantly reduced, 10 which represents the second favorable condition for a large IETS cross section. Finally, the multiplet character of the Ce resonance in Ce 2 @C 80 may contribute to establishing of inelastic transmission channels for many different contact geometries and thus to weakening the restrictions to the availability of such channels that can be imposed by the symmetry of the electrodes in the single-molecule contact. 1, 30 The Ce vibration modes at 11 meV (ν 1 ) and 35 meV induce movements of Ce atoms in different directions with respect to the C 80 cage. Mutual Ce−C movements are observed also for the cage modes at higher energy. An example is displayed in Fig. 4(b) where the cage vibration at 65 meV (ν 2 ) induces displacements of C atoms perpendicular to the C−Ce−Ce−C axis, complementary to the movements observed in the ν 1 mode. We can speculate that in the low-temperature STM IETS the highly effective electron-vibration excitation of ν 1 and higher-energy vibrations induces hopping of Ce atoms between the equivalent positions inside the C 80 cage. Such hopping of endohedral atoms inside the C 80 cage has been reported to appear spontaneously in La 2 @C 80 at room temperature 31 when the activation energy for hopping in the order of tens of millielectron volts (Ref. 25 ) is supplied by thermal fluctuations.
VI. CONCLUSIONS
We are presenting inelastic electron tunneling spectroscopy of single Ce 2 @C 80 molecules in scanning tunneling microscope together with ab initio analysis of electron-vibration coupling in Ce 2 @C 80 . We are observing a low-energy inelastic tunneling excitation in Ce 2 @C 80 that can be interpreted as excitation of movements of encapsulated Ce atoms inside C 80 cage. The Ce-cage vibration and pure cage vibrations in Ce 2 @C 80 exhibit a very high electron-vibration coupling resulting in a pronounced zero-bias conductance anomaly in STM-IETS of Ce 2 @C 80 . We trace this unique behavior of Ce 2 @C 80 back to its electron structure, where the orbitals localized on the Ce atoms are forming a strong band at energies between 0 and 1 eV above E F , and mediate the electron-vibration interactions in Ce 2 @C 80 . Our observations show that encaged atoms can significantly influence the dynamics of fullerene-based molecular junctions. 
